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The electronic structure ol the magnetic semiconductor Gai-iCri^N and the effect of Si doping 
on it have been investigated by photoemission and soft x-ray absorption spectroscopy. We have 
confirmed that Cr in GaN is predominantly trivalent substituting for Ga, and that Cr 3d states 
appear within the band gap of GaN just above the N 2p-derived valence-band maximum. As a 
result of Si doping, downward shifts of the core levels (except for Cr 2p) and the formation of new 
states near the Fermi level were observed, which we attribute to the upward chemical potential shift 
and the formation of a small amount of Cr^+ species caused by the electron doping. Possibility 
of Cr-rich cluster growth by Si doping are discussed based on the spectroscopic and magnetization 
data. 

PACS numbers: 75.50.Pp, 75.30.Hx, 78.70.Dm, 79.60.-i 



Diluted magnetic semiconductors (DMSs) with Curie 
temperatures (Tc's) significantly above room tempera- 
ture are needed for the development of spintronics de- 
vices for practical applications. Gai_a;Crj;N has been 
predicted theoretically to be ferromagnetic via double ex- 
change (DE) mechanism [l[ and indeed ferromagnetism 
(FM) above room temperature has been observed 0, [1] ■ 
X-ray absorption and photoemission studies have re- 
vealed strong hybridization between the Cr 3d states and 
the valence p band 4] , and the formation of Cr 3c?-derived 
states within the band gap of GaN 0, Q, which sug- 
gested a high potential as an intrinsic DMS. However, 
high resistivity 0] and the absence of density of states 
at Fermi level (Ef) Hi have thrown doubt on the 
DE mechanism of the FM in Gai_a;Cra;N. On the other 
hand, the substitutional transition-metal (TM)-rich clus- 
ters of nanometer sizes embedded in the host semiconduc- 
tor have been observed in Zni_a;Cra;Te [8] and suggested 
as another origin of ferromagnetism in DMSs 9]. Such 
TM-rich clusters have also been observed in other III- 
V-based wide-gap DMSs, Gai_a;Mn3;N [l3|, Ini_;j,Cra;N 
[HI, and Gai_:rFe:,N 

In order to clarify the mechanism of the FM in 
Gai_a;Cra;N, whether the DE mechanism or the Cr- 
rich cluster formation, the investigation of the carrier- 
concentration dependence of the electronic structure to- 
gether with the magnetic properties is expected to yield 
essential information as in the case of N- and I-doped 
Zni_3;Cr3;Te [H, [11]. Recently, Funakoshi et al. 
reported a successful control of carrier concentration in 
Gai_a;Cra;N by doping Si, which is expected to replace 
Ga and hence acts as a donor. In this work, we report on 



photoemission (PES) and x-ray absorption spectroscopy 
(XAS) studies of Si-doping effect on the electronic struc- 
ture of Gai_a;Cra;N samples whose magnetic properties 
have been characterized. The results indicate that Si 
doping causes an upward chemical potential shift and 
the formation of new states near Ep (presumably derived 
from Cr^+). We suggest that Cr-rich cluster formation 
may be enhanced by Si doping, and may stabilize FM 
or superparamagnetism (SPM) in Gai_2;Cra;N. Possible 
origins of the observed FM or SPM shall be discussed 
below. 

Gai_a;Crj;N thin films were grown by radio-frequency 
(rf) plasma-assisted molecular beam epitaxy on 2 /im 
GaN-template substrates which had been grown by 
metal-organic chemical vapor deposition. Elemental Ga, 
Cr, Si, and rf plasma-enhanced N2 were used as sources. 
After thermally cleaning the substrate surface at 700 °C 
for 15 min, a high-temperature GaN buffer layer was 
grown at 700 °C. Finally, a Gao.98Cro.02N (GaCrN) or 
Si-doped Gao.98Cro.02N (GaCrNiSi) layer was grown at 
a relatively low temperature of 700 °C in order to increase 
the Cr solubility. The Ga flux, N2 flow rate, Cr cell tem- 
perature, and Si cell temperature were set at 1.6x10"'' 
Torr, 1.5 SCCM, 980 °C, and 1100 °C, respectively. The 
nominal carrier concentrations were 1 x 10^* and 2 x 10*^ 
/cm'^ for GaCrN and GaCrN:Si, respectively, and the Si 
concentration should be somewhat larger than them. The 
thickness of the Cr-doped layer was about 19 nm. For 
comparison. Si-doped GaN without Cr doping (GaNiSi) 
was also grown by the same procedure. To avoid the 
oxidation of sample surfaces and to perform the PES 
and XAS measurements without surface cleaning, 2 nm- 
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FIG. 1: (Color Online) Magnetization of GaCrN and 
GaCrN:Si. (a) , (b) M-// curves at various temperatures, (c), 
(d) Curie- Weiss (CW) component of the high-field magnetic 
susceptibility as a function of temperature. 



thick capping layers (GaN for GaCrN and GaN:Si for 
GaCrN:Si, respectively) were deposited on the sample 
surfaces. Magnetization was measured using a SQUID 
magnetometer (MPMS XL, Quantum Design, Co., Ltd.). 

X-ray photoemission spectroscopy (XPS) measure- 
ments were performed using a Mg-Ka source and a 
Gammadata Scienta SES-100 hemispherical analyzer. 
Resonant photoemission spectroscopy (RPES) measure- 
ments were performed at BL-23SU of SPring-8 using syn- 
chrotron radiation. Photoelectrons were collected using 
a Gammadata Scienta SES-2002 hemispherical analyzer. 
The photoemission spectra were referenced to the Au 4/ 
peak and the E-p of gold which was in electrical con- 
tact with the samples for XPS and RPES, respectively. 
XAS measurements were performed at the Dragon Beam- 
line BL-llA of National Synchrotron Radiation Research 
Center in the total-electron-yield mode. All the spectra 
were taken at room temperature. The total resolution of 
the spectrometer including the temperature broadening 
was -800 meV and -200 meV for XPS and RPES, re- 
spectively. The monochromator resolution for XAS was 
E/AE > 10,000. The base pressure of spectrometer was 
below 3x10-8 Pa. 

The magnetization data of the two Cr-doped samples 
are shown in Fig. [1] Panels (a) and (b) shows M-H 
curves at various temperatures. Here, the linear com- 
ponents have been subtracted. Such a M-H curve is 
known as an characteristic feature of SPM. One can see 
that the Tc exceeds 400 K for both samples. The satura- 
tion magnetization of the GaCrN slightly decreases with 
increasing temperature, while that of the Si-doped one 
hardly decreases with temperature, as shown in panels 
(a) and (b), respectively. Since, in general, saturation 
magnetization is constant on temperature far below Tc, 
the observation suggests that Si doping in Gai_a;Cr2;N 
causes an increase of Tc- Figure [TJc) and (d) shows the 
temperature dependence of high-field (0.8 < H < 2 T) 



magnetic susceptibility and Curie-Weiss (CW) fit. The 
fitting was made assuming a CW term plus a tempera- 
ture independent constant 5M/9i/ = iVC/(T-e)+xo- 
Here, TV is number of the magnetic ions, g is the g factor, 
C — {gfiB)^S{S + l)/3kB is the Curie constant (as- 
suming S* = 3/2 and g — 2), and 9 is the Weiss temper- 
ature. After the fitting, the xo term has been removed. 
Fractions of the Cr atoms showing a CW-paramagnetic 
behavior are ~26% for GaCrN and -16% for GaCrN:Si. 
The decrease of the CW component with Si doping in- 
dicates that the number of isolated (paramagnetic) Cr 
atoms decreases, probably because they were absorbed 
by the Cr-rich clusters. 

Figure [5{a)-(d) shows the core-level XPS spectra of 
GaCrN, GaCrN:Si, and GaN:Si. In panel (a), the two 
peaks in each spectrum are due to the Cr 2p3/2-2pi/2 
spin-orbit doublet. The Cr 2p spectrum of Cr203 (Cr'^+) 
[17| is also shown for comparison. The peak position for 
GaCrN is close to that for Cr203, indicating that the va- 
lence of Cr in GaCrN is close to 3-I-, that is, the Cr atom 
is doped into GaN as a neutral impurity if Cr substitutes 
for Ga, consistent with the earlier reports [1, 0, [3 • The 
core-level peaks shown in panels (b)-(d) are shifted down- 
wards in GaCrN:Si and GaN:Si compared with GaCrN, 
indicating that the Si doping causes an upward shift of 
the chemical potential /i. Furthermore, one notices that 
the core-level peaks of GaCrN:Si are shifted upwards 
compared with GaNiSi, suggesting that Cr acts as an ac- 
ceptor and compensates the electron carriers, consistent 
with the previous reports that Cr doping make semicon- 
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FIG. 2: (Color Online) Core-level XPS spectra of GaCrN, 
GaCrN:Si and Si-doped GaN (GaN:Si). (a) Cr 2p, (b) Ga 3d, 
(c) N Is, and (d) Ga 2p3/2 core levels. Electron mean free 
paths in GaP for the Cr 2p, Ga 3d, N Is, and Ga 2p3/2 core 
levels are ~2.0, ~3.1, ~2.3, and ~0.7 nm, respectively p^ . 
Vertical lines represent the peak position of each core level. In 
(a), the Cr 2p core- level XPS spectrum of Cr2 03 T?] is also 
shown for comparison. The spectra of GaCrN and GaCrN:Si 
are overlaid at the bottom panel, (e) Shifts of the core-level 
peaks of GaCrN:Si and GaN:Si relative to those of GaCrN. 
The n-type carrier concentration increases in order of GaCrN, 
GaCrN:Si, GaN:Si. 
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ducting GaN samples insulating 0, [T^ . The amount of 
the peak shift of each core level relative to that in GaCrN 
is plotted in panel (e). The effect of electron trapping by 
Cr appears in the Cr 2p spectrum of GaCrN:Si as shown 
at the bottom of panel (a): one can see the formation of 
a small hump for the Si-doped sample and the opposite 
peak shift to the other core levels. In general, the binding 
energy (Eb) of a core- level spectrum decreases with de- 
creasing the valence of the element due to the increased 
screening effect by valence electrons. We therefore con- 
sider that electrons supplied by the Si doping are trapped 
at Cr site and convert those atoms from Cr'^^ to Cr^+. 

The Cr 2p XAS spectra of GaCrN and GaCrN:Si are 
shown in Fig. Efa). For comparison, those of Cr2 03 and 
Zni_a;Cr2;Te [20| are also shown. The peak positions and 
the line shape of the spectrum of GaCrN agree with those 
of Cr203 (Cr'^+), and thus one can conclude that the 
valence of Cr in GaCrN and GaCrN:Si is predominantly 
3-I-. Comparing the spectra of GaCrN and GaCrN:Si, one 
can see a slight difference at ~577 eV and 585 eV. The 
small difference implies that only a small amount of Cr^+ 
species exist. The difference corresponds well to the over- 
all spectral weight distribution of Zni_a;Crj;Te (Cr^+). 
Figure [2I^b) and (c) shows the valence-band RPES spec- 
tra of GaCrN and GaCrN:Si recorded in the Cr 2p-3d 
excitation region. The difference spectra obtained by 
subtracting the off-resonance spectrum (A) from the on- 
resonance spectra (B or C) shown at the bottom of panels 
(b) and (c) represent the Cr 3d partial density of states 
(PDOS). One can clearly see that Cr 3d-derived emission 
is seen mostly within the band gap of GaN as reported 
in Refs. Also the existence of Cr-related states at 

~340 meV above the valence-band maximum (VBM) was 
reported in Ref. [l^ from a photoluminescence study. 
The peak position of the Cr 3d PDOS of GaCrN rela- 
tive to the VBM well agrees with this value. Here, we 
have estimated the position of the VBM by the intersec- 
tion between the zero level and a linear extrapolation of 
the low Eb edge of the valence-band spectrum [2l| . The 
distance between the Ep and VBM was estimated to be 
-2.9 eV for GaCrN and ~3.1 eV for GaCrN:Si as shown 
panels (b) and (c). 

Figure [Hd) and (e) shows comparison of the on- 
resonance spectra (C) of the three samples and compari- 
son of the Cr 3d PDOS (C-A) of GaCrN and GaCrN:Si. 
In panel (e) , one clearly finds that new states are formed 
around Eb '^1 eV by the Si doping, as indicated by a 
vertical arrow. Considering the results of XPS and XAS, 
we attribute this new feature to a Cr^"*" origin. The new 
states are created as deep as Eb —1 eV in spite of the 
small chemical potential shift of ^^200 meV, quite dif- 
ferent from the conventional rigid-band behavior. While 
the entire valence band is shifted towards higher Eb by 
Si doping, the Cr 3d PDOS stays at the same Ebj as 
indicated by a vertical dashed line in panel (d). The for- 
mation of the new states and the absence of shifts in the 
Cr 3d PDOS may be explained by the strong Coulomb 
repulsion between the Cr 3d electrons 22| . We note that 



no Cr 3d PDOS was observed at Ep- In Fig. [S^f), we 
show a schematic diagram of the electronic structure of 
GaCrN, GaCrN:Si, and GaN:Si where the chemical po- 
tential shift, the upward shift of Cr 3d PDOS, and the 
formation of the new states are presented. 

In the preceding paragraphs, we have considered 
changes in the electronic structure by Si doping as a 
result of Cr^+ formation. In order to discuss the rela- 
tionship between the observed changes in the electronic 
structure and the magnetism of Gai_2;Cra;N caused by Si 
doping, we consider the formation of Cr-rich clusters as 
follows. If Cr ions are randomly distributed in GaN, mag- 
netic interaction between Cr ions would be weak because 
the interaction would be short-ranged [1^. Considering 
the results of the magnetization measurements, which im- 
ply the existence of Cr-rich clusters and its growth by Si 
doping, and the results of the PES and XAS measure- 
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FIG. 3: (Color Online) Cr 2p XAS spectra (a) and Cr 2p- 
M RPES spectra of GaCrN (b) and GaCrN:Si (c) taken with 
photon energies A, B and C {hu : A ~571.5 eV, B ~576 eV, C 
~577.5 eV) as shown in panel (a). The difference spectra B-A 
and C-A are shown at the bottom of panel (b) and (c). The 
VBMs estimated from the off-resonance spectra are indicated 
by vertical dashed lines, (d) Comparison of the on-resonance 
spectra of the different samples taken with photon energy C. 
The spectra have been normalized at the peak intensity of the 
N 2p-derived valence band at Eb ~4.5-5 eV. (e) Si-doping 
dependence of the Cr 3d PDOS. Arrow indicates a new Cr 
3d PDOS feature induced by the Si doping, (f) Schematic 
diagram of the electronic structures of GaCrN, GaCrN:Si, and 
GaN:Si. The shifts of chemical potential fi, the upward shift 
of Cr 3d PDOS peak, and the formation of the new states 
of Cr^"'" origin are shown. Here, the band gap ~3.4 eV of 
hexagonal GaN is also indicated. 
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ments, which suggest the increase of Cr^+ states with 
Si doping and the absence of Cr 3d PDOS at Ep, one 
can imagine that the coexistence of Cr^+ and Cr^+ ions 
within the Cr-rich cluster may induce short-range DE 
within the Cr-rich clusters and stabilize ferromagnetism. 
However, if there is ferromagnetic spin alignment within 
the Cr-rich clusters via DE, the saturation magnetiza- 
tion (Ms) would increase with increasing cluster size sig- 
nificantly. In the present study, we could not observe 
such an increase of Ms and Mg remained small (~0.25 
fiB/Ci) as shown in Fig.[Ha) and (b). One possible rea- 
son for the absence of short-range DE is the insufficient 
amount of Cr^+. Actually, the concentration of Si and 
Cr is ^ lO^^cm"^ and ^ lO^^cm^'^, respectively, and 
therefore there are only few % of Cr'^+ is converted to 
Cr2+. 

Another scenario to explain the possible increase of Tq 
by Si doping is the growth of antiferromagnetic (AFM) 
Cr-rich clusters. Since the spin moment of the Cr"^^ 
ion is 3 fiB, ~0.25 //e/Cr means that the amount 
of ferromagnetic Cr atoms in GaCrN and GaCrN:Si is 
only ~8%. The amount of paramagnetic Cr atoms esti- 
mated from the CW fit is ~26% and ~16% for GaCrN 
and GaCrN:Si, respectively. This indicates that ~66% 
and -76% for GaCrN and GaCrN:Si the Cr atoms could 
not be detected by the present magnetization measure- 
ments and are probably antiferromagnetically coupled. 
Recently, Cui et al. _24] have calculated the magnetic mo- 
ment and the stability of substitutional Cr-rich clusters 
with several sizes in Gai-xCvx^ based on first-principles 
density functional theory, and have shown that large Cr- 
rich clusters are energetically favored and Cr atoms in 
these large Cr-rich clusters are coupled antiferromagnet- 
ically. The calculated moments of the Cr-rich clusters 
with various sizes are 0.06-1.47 /ie/Cr, corresponding 
well to the observed Ms ~0.25 /ie/Cr. Kim et al. [7| 
have reported that the Ms of Gai-jjCr^^N decreases with 
increasing Cr concentration, which can be interpreted as 
due to the size increase of the antiferromagnetic Cr-rich 
clusters. As for Zni„a;Coa;0, for which even smaller Ms 
has been reported, Dietl et al. [1^ attributed the origin 
of the small Ms to the uncompensated moments of the 
Co- rich AFM nanoclusters. These theoretical and ex- 



perimental reports lead us to speculate that the uncom- 
pensated moments from AFM Cr-rich clusters and the in- 
crease of the cluster size may be the origin of the observed 
magnetism and its Si-doping dependence in Gai_2:Cra;N. 
Also, the magnetic anisotrpy (factor of 2-3 in the satura- 
tion magnetization) observed for the present GaCrN and 
GaCrN:Si samples may be responsible for the observed 
apparent ferromagnetic benhavior. 

We note that the enhancement of FM by donor atom 
doping is seen in I-doped Zni_2;Cr2:Te Q. In the case 
of Zni_a;Cr2:Te, in undoped samples, because ZnTe is 
known as a native p-type semiconductor, I-doping makes 
the Cr ion becomes neutral 2+. Kuroda et al. ^ at- 
tributed the origin of the enhancement of FM to the Cr- 
rich cluster formation in the I-doped samples caused to 
attractive forces between neutral Cr impurities (Cr^+) as 
opposed to the repulsive forces between charged Cr impu- 
rities (Cr'^+). In the present case, the Si doping makes a 
fraction of the Cr ions negatively charged, and therefore 
the charge neutrality cannot be a driving force of the Cr- 
rich cluster formation in the Si-doped GaN. Microscopy 
observation of Gai_2;Cra;N:Si are therefore highly desired 
in future studies. 

In summary, we have investigated the Si-doping depen- 
dence of the electronic structure of Gai_a;Cr2,N and its 
relationship to magnetism using XPS, XAS, and RPES. 
The upward chemical potential shift induced by Si dop- 
ing into Gai_a;Cra;N and downward one by Cr doping into 
GaNiSi were observed. The new states of Cr^+ character 
were found to form near Ep in Cr 3d PDOS spectra by 
the Si doping. The growth of AFM Cr-rich clusters is 
proposed to explain the observed change of magnetism 
by the Si doping. 
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